at 25 ºC. Moreover, surprisingly stable cycleability is observed for the HC electrode at 90 ºC, i.e. a capacity retention ratio of 84% after 500 cycles. Finally, a high full-cell voltage of 2.8 V and stable full-cell operation with Coulombic efficiency higher than 99% are achieved for the first time when using NaCrO2 as the positive electrode at 90 ºC.
Introduction
Lithium ion batteries (LIBs) have been extensively researched and applied in the field of portable electronics, e.g. in mobile phones, cameras, and notebook computers, because of their high energy and power density. [1] [2] [3] [4] LIBs have been also attracting interest for applications in electric vehicle systems and household storage cells, where there is a need for superior performance and large battery size. However, from the viewpoint of resource strategy, LIBs are unsuitable for use in large-scale electrical energy storage because of their relatively high cost and the uneven distribution of lithium sources. Sodium, on the other hand, is relatively less expensive and more abundant (sodium can be easily obtained from seawater or the earth's crust). Therefore, sodium ion batteries (SIBs) are considered promising alternatives to LIBs for large-scale energy storage.
Graphite has been widely used as the negative electrode in LIBs because of its high energy density and low cost. However, when used as the negative electrode in SIBs, graphite is electrochemically inactive, and only a limited number of sodium ions can be intercalated into graphite. [5] In recent years, many materials, including carbonaceous materials, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] as well as Na2Ti3O7, [16] [17] [18] [19] [20] Na4Ti5O12, [21] TiO2, [22] [23] [24] SnO2, [25, 26] and alloys, [27] [28] [29] [30] [31] Moreover, to demonstrate the practical applicability of HC electrode, a full cell was fabricated using NaCrO2 as the positive electrode, and its performance was investigated for the first time at 90 ºC.
Experimental

Materials
Commercially available HC powders (Carbotron P S(F), Kureha Battery Materials Japan
Co., Ltd.) were used without any purification or treatment. Japan) binder, and metallic sodium were used. NaCrO2 powders were synthesized by mixing Na2CO3 and Cr2O3 and baking the mixture at 850 ºC for 5 h under Ar flow.
Electrochemical characterization
The HC electrodes were fabricated by a conventional coating method. 
Results and discussion
The charge-discharge curves of the HC electrode measured at 90 ºC with a current rate of 20 mA (g-HC) To investigate the effect of operation temperature, charge-discharge tests were performed for the Na/HC half-cell at −10 to 90 ºC. Fig. 2 shows the charge-discharge curves at a current rate of 20 mA (g-HC) The lower capacity of the Na/HC half-cell at low temperatures indicates the high internal resistance. The possible reasons for this are the reduced ionic conductivity, limited diffusivity of sodium ions in HC, and increased charge-transfer resistance at either the HC or sodium metal. For a better understanding of the effect of operation temperature on capacity, electrochemical impedance measurements were carried out for the Na/HC, Na/Na, and HC/HC cells at 0-90 ºC. Fig. 3a shows the impedance spectra of the Na/HC cell at 0-90 ºC. It can be seen that the resistance of the Na/HC cell increases with decreasing temperature, especially at temperatures below 25 ºC.
The high-frequency limit is the electrolyte resistance (Re). The semicircle at the middle frequency corresponds to the charge-transfer process at the electrode/electrolyte interface. Since the charge-transfer resistance (Rct) is much larger than Re, the cell resistance mainly results from Rct. The Rct value increases with decreasing operation temperature, indicating significant sensitivity to temperature. Figs. 3b and 3c show the impedance spectra of the Na/Na and HC/HC symmetric cells at different temperatures.
The Rct value for the Na electrode is much larger than that for the HC electrode;
further, Rct for the Na electrode increases quickly at temperatures below 0 ºC. This indicates that the major component of Rct in the Na/HC cell originates from the Na counter electrode, especially at lower temperatures. . Surprisingly, at a very high current rate of 1000 mA (g-HC) -1 , the discharge capacity is maintained at 230 mAh (g-HC) -1 , corresponding to about 82% of the initial capacity. For HC electrodes operated in organic solvent-based electrolytes at room temperature, the capacity retention ratio is less than 50% at high current rate of large than 500 mA g -1
.
[13] The high capacity retention ratio in the present study is attributed to the high Na , respectively. At high temperature of 90 ºC, the ionic liquid has a high conductivity and the cell shows a low charge-transfer resistance. In contrast, the conductivity is low and the charge-transfer resistance is high at low temperature of 25 ºC, which limits the rapid insertion/de-insertion of sodium. Thus, the HC electrode has better high-rate capability at high operation temperatures. is retained after 500 cycles, corresponding to a capacity retention ratio of 84%. Except for the initial few cycles, the Coulombic efficiencies are higher than 99%. At 25 ºC, the discharge capacity increases gradually before 100 cycles and then remains almost constant until 500
cycles. The Coulombic efficiencies are also higher than 99% except for the initial few cycles. This indicates that the HC electrode is stably operated at 25-90 ºC.
Finally, the charge-discharge performance of a coin-type full SIB using HC as the negative electrode and NaCrO2 as the positive electrode is investigated at 90 ºC. A Na/NaCrO2 half-cell has been shown to exhibit a high reversible capacity of about 120 mAh (g-NaCrO2)
-1 between 2.5 and 3.5 V at 90 ºC. [37] Fig. 6 shows the charge-discharge curves of an HC/NaCrO2 full cell between 1.5 and 3.5 V at 90 ºC.
Several voltage plateaus are distinguishable in the charge-discharge curves, which are ascribed to the phase transitions of the NaCrO2 electrode. [38, 39] The HC/NaCrO2 full cell exhibits a charge capacity of 326 mAh (g-HC) with a Coulombic efficiency of more than 99%. The discharge capacity of the HC/NaCrO2 full cell is higher than that of the HC/NaNi0.5Mn0.5O2 full cell using organic solvent-based electrolyte, [10] at high temperature. [35] Since the HC electrode exhibited good cyclability with a capacity retention of 84% after 500 cycles, as shown in Fig.5 , the full cell is well expected to have good cyclability. We are now investigating the performances, e.g.,
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energy density, power density and cyclability, for several types of full cells at 25-90 ºC, which will be reported in the near future.
Conclusions
The electrochemical performance of an HC electrode in Na .
